Abstract
Introduction

43
The main challenge for the oculomotor system in a complex environment is to select 44 when and where to move the eyes in order to land near targets of interest. Saccadic 45 amplitudes range from only a few minutes of arc to over 80° of visual angle, and the 46 kinematics of saccadic performance are generally invariant across tasks and people. 47 saccade. However, aside from the work of Guillaume (2012) and some observations 118 made by Edelman and Xu (2009) , no other studies have made a detailed analysis of 119 the time-course of such parameters following distractors with different characteristics, 120 in a way that is analogous to what has been done for the temporal domain. 121
In the present paper we adopted precisely this strategy. In addition to a 122 standard SI analysis, we applied a time-course analysis to study the gain and peak 123 speed of saccades launched at different times following a visual flash. First, we 124 applied this novel analysis to a previously collected dataset (from an unpublished 125 experiment that incorporated SI within a visual discrimination task) that was well 126 suited to this exploration. This exploratory Experiment 1 confirmed that SI could be 127 associated with a modulation of saccadic gain, following a central flash not dissimilar 128 to the transient mask that Guillame (2012) found to affect saccadic amplitude. We 129 followed up this preliminary observation with two experiments designed to more 130 finely measure the subtle changes in the saccade characteristics. In Experiment 2, we 131 used a generalized flash located in the top and bottom of the screen to exclude the 132 possibility that the amplitude effects were related specifically to the spatially localized 133 nature of the central flash. In Experiment 3, we manipulated distractor location, to be 134 more or less eccentric than the target, to test whether saccade hypometria was 135 dependent upon distractor location, as has been suggested for micro-saccades (Hafed 136 and Ignashchenkova 2013), or resulted from a more general inhibitory phenomenon. 137
Across these three experiments, we report a complex interplay between spatial and 138 temporal modulations for distractors interfering at different stages of saccade 139 programming and execution, including during the commonly accepted "saccadic dead 140 time" that is thought to occur after the saccade plan passes a point of no return. 141
Method
144
Participants 145
Nine (Experiment 1), ten (Experiment 2) and eight (Experiment 3) volunteers aged 146 between 18 and 30 years participated. All were free from neurological and visual 147 correction, after which a tone accompanied the onset of a 0.50° central fixation cross 167 (124 cd/m 2 ). 168
In Experiment 1 ( Figure 1A ), after a random interval varying between 500 to 169 1200 ms, a red dot (0.5°, 28.2 cd/m 2 ) was displayed at 10° of eccentricity, equally 170 often to the right or to the left of fixation. Participants were required to make a 171 saccade to this target as soon as it appeared. Independent of that requirement, in half 172 of the trials, a black square was flashed for 11.7 ms at the center of the display; this 173 square was the "flash" stimulus used to elicit SI in this experiment (see below). 174
Saccadic reaction times (SRT) were recorded as the interval between target onset and 175 the start of the saccade. This first experiment was originally designed for a different 176 purpose and incorporated a perceptual task whereby four Gabor patches (size = 6°; 177 frequency = 0.9 cycle/degree) were presented in the four corners of the monitor for 12 178 ms, 105 ms after flash (or invisible flash in target only condition) onset. On half of the 179 trials, the four stimuli had the same orientation (vertical or horizontal) and on the 180 other half, one of them had a different orientation. At the end of the trial, participants 181 were asked to report if all the Gabor patches were the same or if one was different. 182
This perceptual element of Experiment 1 is not relevant for present purposes and the 183 results of the perceptual task were analyzed separately in a different unpublished 184 manuscript focusing on saccadic suppression. Critically, the present analyses were 185 restricted to trials in which saccades were launched up to 45 ms after the display of 186 the Gabor patches. Thus, the presence of the perceptual targets was not likely to 187 influence the pattern of results. No perceptual targets were present in the other two 188 experiments reported here. 189 median SRT from the last 50 of these trials provided an estimate of the expected SRT 192 for that participant for the experimental blocks. In the experimental blocks, target-193 only (no-flash) trials were intermingled equally with target plus distractor (flash) 194 trials, in which, in addition to the target, the black square (3.5°, 2.3 cd/m 2 ) was 195 flashed at the center of the screen for 11.7 ms. The onset of this central flash varied 196 randomly between ~117 ms before to 11.7 ms after the expected SRT for that 197 participant in steps of 11.7 ms, thereby providing a wide range of distractor delays. 
Data screening 251
We excluded saccades with latencies of less than 70 ms (Experiment 1: ~1.2%; 252
Experiment 2: ~2.5%; Experiment 3: ~0.73%) or of more than 500 ms (Experiment 1: 253 ~2.7%; Experiment 2: ~0.14%; Experiment 3: ~0.75%). We also removed saccades 254 with an amplitude less than 1° amplitude (Experiment 1: ~0.6%; Experiment 2: 3.4%; 255 Experiment 3: ~2.10%) and saccades made in the wrong direction (Experiment 1: 256 ~0.02%; Experiment 2: ~2.4%; Experiment 3: ~0.05%). In Experiment 2 and 3 we 257 also excluded 2.6% and 1.52% of saccades, respectively, due to blinks. 258
259
Analysis of saccadic inhibition 260
In all the Experiments, we performed an analysis of the SRT distributions for all valid 261 trials by following Bompas and Sumner's (2011) procedure to calculate the "dip" 
Analysis of saccadic kinematics 283
The analysis of saccade kinematics focused upon saccadic gain and normalized peak 284 speed. The first step was to extract these variables for every trial. Saccadic gain is 285 saccade amplitude divided by the target amplitude for that trial, with values greater 286 than one indicating overshoot (hypermetria), and values less than one indicating 287 hypometria (undershoot). Normalized peak speed was the observed peak speed 288 divided by the peak speed predicted from the observed saccade amplitude on that 289 trial, with values bigger than one indicating a speed higher than expected, and values 290 less than one indicating a speed lower than expected. The calculation of normalizedpeak speed therefore included an additional initial step to predict peak speed from the 292 main sequence relationship between saccade amplitude and peak speed. To do so, for 293 each participant separately, we fitted a polynomial function to the observed peak 294 speed over the observed saccadic amplitude in all no-flash trials, and extracted the 295 polynomial for the best fit according to a least-squares procedure. In Experiment 1 296 and Experiment 3, there was only one target location, and the spread of observed 297 saccade amplitudes was too small (~2°) to model the entire main sequence function, 298 so we used a 1 st order polynomial function. In Experiment 2, we made use of all the 299 eccentricities to estimate the best main sequence fit using a 2 nd order polynomial 300 function. In Figure 2 we show one example of fitting for each experiment (panel A, B 301
and C) along with the R 2 for each participant in all of the experiments. Based on these 302
individual fit parameters, we derived the predicted peak speed from the observed 303 saccade amplitude in each trial, and used this value to normalize the observed peak 304 speed for that trial. 305
We then analyzed the time-course of these kinematic variables relative to the 306 flash event inducing SI. For each participant, RTs were binned using a bin-width of 307 20 ms and the mean saccadic gain and normalized peak speed was calculated for 308 saccades launched within each time bin. For Experiments 1 and 3, the means were 309 pattern of elevation of normalized peak speed was not so tightly locked to a particular 381 time period; a more powerful experiment may be required to determine these patterns 382 of kinematic variation more definitively. Moreover, in the present experiment we used 383 as the distractor a single, highly localized and central flash that might have interfered 384 with saccadic amplitude during target selection because it was partially interfering 385 with the saccade trajectory, similarly to the mask stimuli used by Guillaume (2012) . 386
Instead of causing general inhibition, this less eccentric distractor might have induced 387 smaller saccadic amplitudes via spatial interference, offering an alternative account of 388 the observed hypometria. This could be analogous to observations of micro-saccadic 389 inhibition, whereby the target-flash configuration was found to determine the patternThus, to more closely measure the possible violations of the main sequence 392 found in this preliminary dataset, we designed a further experiment to test whether 393 these patterns were robust. First, we increased the power to detect small variations by 394 substantially increasing the number of trials. Second, the timing of the flash was more 395 finely tuned online to each participant's saccadic performance in order to elicit a 396 strong SI in every participant. Third, to minimize the possibility of a direct spatial 397 interference of the distractor as a competing saccadic target, the flash was more 398 spatially generalized across the display, occupying both the top and bottom thirds of 399 the screen (see Reingold and Stampe, 2002) . Finally, we extended the range of target 400 eccentricities to better map the main sequence function. 401
402
Experiment 2 -Analysis of saccadic inhibition 403
The parameters extracted from the individual SI profiles (Table 2) 
In Experiment 1, we considered that one possible explanation for the reduction 453 reporting that flashes appearing at the location of the saccade goal led to "express-470 like" saccades, rather than SI, no prior study (cf. Guillaume, 2012) 
Experiment 3 -Analysis of saccadic inhibition 475
The SI profile in the flash+ condition was smaller compared to the flash-condition 476 ( Figure 3G ). The analysis performed on the parameters extracted from the individual 477 profiles showed that the maximum inhibition was about 52% (flash+) and 83% (flash-478 ) [t(7) = 6.71; p < 0.0005] with a latency of 74 and 71 ms respectively after the flash 479 onset [t(7) = 1.26; N.S.]. Individual parameters for the two conditions are reported in 480 Table 3 . These data imply that the eccentricity of the flash, relative to the target, has a 481 strong impact on the level of saccadic inhibition, an interesting observation that has 482 been little explored in prior studies. indicates that the spatial layout was having an impact on saccadic amplitude in a way 528 compatible to a spatial readout of the superior colliculus map. Nonetheless, contrary 529 to a strict prediction of the read out hypothesis, we do not report any hypermetria for 530 the flash+ condition, but this was probably a simple consequence of the logarithmic 531 compression of the visual map in which more eccentric locations occupy less neural 532 tissue (Ottes et al. 1986; Van Gisbergen et al. 1987) . 533
A final interesting observation is that we also recorded hypometric saccades in 534 the flash+ condition, but following the inhibitory period. The hypometria was also 535 accompanied by an increased peak speed indicating that these saccades were 536 programmed for the correct target location but subsequently felt short, leading to a 537 violation of the main sequence. It is important to note that these saccades were ones 538 that would have been re-instated or reprogrammed, so the reported effect is not the 539 same as the hypometric saccades recorded during the pre-inhibitory period. This latestimuli covering either the entire screen (full mask) or only the portion of the screen 542 where the target was displayed (half mask). Similarly to our findings, Guillaume also 543 observed an increase in peak speed for these reinstated saccades, as in our Experiment 544 1, 2 and 3 (where we did not record a gain reduction). One possibility might be that 545 the later spatial effects are generated by cortico-tectal feedback from areas such as the 546 frontal eye field and the lateral intraparietal cortex inhibiting the SC and truncating 547 the saccade at a later processing stage. 548
549
General conclusions
550
In three experiments, we flashed a visual transient at a range of times relative to a 551 target-directed saccade, at different positions: either at fixation, at the top and bottom 552 of the screen or at a location on the target axis more or less eccentric than the target. 553
In all cases, once the data were aligned temporally to the onset of the flash, a 554 distinctive pattern of variation in saccadic behavior was revealed both in time and 555
space. 556
First, we replicated the well-known temporal inhibitory effect of the flash (SI: 557 passing, we also made a new observation (Experiment 3) that SI magnitude, but notlatency, was strongly affected by flash eccentricity, with greater inhibition for nearby 567 distractor locations. This result, although not a focus of our paper, carries the 568 interesting suggestion that eccentricity is more influential upon SI than distance from 569 target (since in our experiment the flash was equally distant from the target in both the 570 flash+ and flash-conditions). 571
Our major interest was in the kinematic character of saccades launched 572 following a flashed distractor, and here we focused on saccade amplitude (gain) and 573 its relation with peak speed (main sequence relation). In all Experiments, we observed 574 a strong hypometria for saccades launched a mere 20 ms after the flash, extending to 575 saccades launched up to 80 ms after the flash. The maximum reduction in gain was 576
~12% in Experiment 1, ~5% (considering all target eccentricities together) in 577
Experiment 2, and ~15% in Experiment 3. Interestingly, the hypometric saccades 578
were not always accompanied by the correspondingly lower peak speed expected 579 from the main sequence. These perturbations of the main sequence were time specific 580 in both Experiments 2 and 3, and maximal for saccades launched around 30 ms after 581 flash onset. A second peak of relative increase in the peak speed was visible for 582 saccades launched around 110 and 130 ms after the flash, in this case unaccompanied 583 by an increase in saccadic gain. Taken together, the data show a complex violation of 584 the main sequence around the onset and offset of the SI dip that develops over time, 585 oscillating with higher or lower values compared to the steady baseline condition. 586
One hypothesis to account for the early perturbation of the main sequence 587 during the pre-inhibitory period (reduced gain without reduced peak speed) would be 588 that a saccade already in flight was suddenly interrupted by flash onset (see also:
observed a decrease of the normalized peak speed compared to baseline toward the 592 end of this early period of perturbation, suggesting that in some circumstances the 593 saccades might have been truncated prior to achieving the peak speed expected for 594 that amplitude. The most striking aspect of these data is saccadic modulation for 595 distractors presented a mere 30 ms before execution, and thus 30 ms before the 596 earliest inhibition of saccade launching. This demonstrates interference from 597 distractors presented during "saccadic dead time" (Ludwig et be that no changes were implemented to the saccade program itself, but that these 601 very late distractors may have acted to modify the saccade in-flight. Our result 602 confirms that this terminal phase of saccade preparation, immediately prior to 603 launching, despite being immune to reprogramming, may still be permeable to 604 distractor interference during saccade execution, beyond the point of no return. 605
The late phase of kinematic perturbation, around the offset of the SI dip, had a 606 rather different character. We found a pattern of elevated peak speeds without a 607 significant change in saccadic amplitude, except for the flash+ condition in 608 Experiment 3. This late phase of perturbation was visible in all three experiments, but 609 was statistically weak, reaching significance only in Experiment 3. One speculation is 610 that this reflects something about saccades being recovered, or reprogrammed 611 following inhibition, as if these inhibited saccades required an additional impetus to 612 escape the inhibitory effect that resulted in a higher peak speed. Alternatively, the 613 presentation of the flash, temporally close to the target onset for this time period, 614 might have summed up with the target activity leading to an increase in the level ofbeing hypermetric because of the feedback loop that controls the saccades within the 617 brainstem (Sparks 2002) . Saccades can maintain amplitude information and vary 618 duration/velocity to compensate for external perturbation, such as in the interrupted 619 saccades paradigm (Keller and Edelman, 1994) . One hypothesis could be that about 620 100 ms after flash onset the processing of saccadic amplitude was well advanced so 621 that amplitude/direction were already specified by the activity at the saccadic goal 622 and to influence motor structures, estimated around 35-47 ms after visual stimulation 656 (Rizzolatti et al. 1980 ). This timing closely matches the first variation in saccade 657 kinematics, affecting saccades launched around 30 ms after flash onset. Accordingly, 658 in a number of neurophysiological studies with single cell recording from the nucleus 659 raphe interpositus it has been reported that omnipause neurons respond to a light pulse 660 as they do to electrical stimulation, stopping the saccade in flight (Evinger et al 1982) . 661
We propose that the early phase of hypometria recorded in the present experiment 662 might have been induced mainly by the sudden activation of the omnipause network 663 subsequent to flash presentation. Another possibility would be that the sudden visualthat activity for the flash suddenly reaches threshold, favoring interruption of the 666 current saccadic plan, similarly to the mechanisms that generates express saccades 667 (Edelman and Keller 1996) . 668
On the other hand, when the transient is presented between 60 to 130 ms 669 before the start of the saccade, the consequences would be expected to be mainly 670 temporal, with a high percentage of inhibited saccades, and the reported hypometria 671 during this phase may reflect the spatial read-out of the SC map. These long lasting 672 inhibitory processes might be driven mainly by lateral inhibition (Buonocore and 673 
